• Performance of the one-stage clotting (OSC) assay varies with the clotting activator used.
Introduction
Hemophilia B, which is commonly referred to as factor IX deficiency, is a hereditary X-linked bleeding disorder that leads to excessive internal bleeding into joints and muscles or as a result of minor wounds and trauma [1] . Treatment of hemophilia B involves FIX replacement with plasma-derived or recombinant FIX (rFIX) concentrates in either on-demand or prophylactic regimens [1] . Accurate measurement of FIX activity (FIX:C) levels in hemophilia B patients is needed for clinical monitoring, and is most commonly performed by the use of a onestage clotting (OSC) assay with commercially available pooled normal plasma standards calibrated against the World Health Organization (WHO) FIX plasma International Standard [2] . The OSC assay is the established European Pharmacopeia method, and consequently has been used to assign potency labeling for new rFIX products [3] .
Despite the widespread use of OSC assays in clinical settings, interlaboratory and intralaboratory variations in FIX:C have been reported with this method [4] [5] [6] [7] . There are a variety of commercial reagent options available that contain different forms of clotting activators and sources of phospholipid that may contribute to the aforementioned assay variability. For unmodified rFIX products, the results of OSC assays are known to be influenced by the type of activated partial thromboplastin time (APTT) reagent used for potency assignment by the manufacturer [8] . Substantial variability in the performance of OSC assays has also been reported with rFIX products modified with Fc fusion (rFIX Fc fusion protein [rFIXFc] ) or glycoPEGylation to extend the half-life [5] [6] [7] . Consequently, the ISTH recommends that the potency of new rFIX products be assessed in OSC assays with different APTT reagents, as potency estimates may be highly dependent on the reagent [9] . Therefore, for accurate postinfusion monitoring, it is preferable to use an assay that gives similar results to that used to assign potency of the FIX product [3, 10] .
rIX-FP (IDELVION) is a fusion protein linking human rFIX with recombinant human albumin designed with an improved pharmacokinetic profile as compared with conventional rFIX [11] . In the PROLONG-9FP clinical trial program, prophylaxis with rIX-FP demonstrated hemostatic efficacy with dosing intervals of up to 14 days in adults and 7 days in pediatric patients, with a median annualized spontaneous bleeding rate of 0 with all regimens [12, 13] . The potency assignment of rIX-FP was based on an OSC assay.
During rIX-FP clinical studies, a reagent-dependent FIX:C determination in OSC assays was observed. Here, we report the findings of a multicenter international field study conducted to assess the variability between different OSC assay reagents for measuring FIX:C of rIX-FP. In addition, parallel OSC assay FIX:C data from local and central laboratories collected in the rIX-FP clinical studies are presented. Third, in-house bioanalytical investigations with spiked samples were conducted to compare OSC assay variability with two other licensed rFIX concentrates.
Materials and methods
To understand the variation in FIX:C of rIX-FP attributable to the different APTT reagents used in OSC assays, an investigation was initiated to evaluate the consistency in FIX:C measurements with a variety of commercial reagents.
Assessment of variability in the OSC assay FIX:C of rIX-FP concentrate was determined with the standard central laboratory assay reagent Pathromtin SL and eight additional APTT reagents, containing a variety of different surface activator compounds: HemosIL APTT-SP, PTT reagent (kaolin), Actin, Actin FS, Actin FSL, PTT [a], STA-aPTT and STA-Cephascreen (as detailed in Table S1 ). The tests were performed on a Behring Coagulation System (BCS) analyzer (Siemens Healthcare, Erlangen, Germany). For all reagents, the same test parameters were used, which is comparable to the routine test setting for the determination of FIX on the BCS. Each assay sample contained 15 lL of buffer, 5 lL of sample (rIX-FP concentrate), 50 lL of FIX-deficient plasma (FIX-DPL), and 75 lL of APTT reagent, and was incubated for 120 s before the addition of 75 lL of CaCl 2 solution. No further modifications to the test settings (e.g. incubation time) were performed to optimize the behavior of the different APTT reagents in this preliminary investigation. FIX:C of rIX-FP was estimated by comparison with the International Standard FIX Concentrate (WHO 07/182). This reference standard and the rIX-FP concentrate sample were each diluted to three different concentrations within the working range of the assay (0.2-1 IU mL À1 ). Linear regression analysis was applied to the results, and FIX:C of rIX-FP was calculated by line comparison against the reference standard (WHO 07/182).
Multicenter international field study (locally prepared and spiked samples)
Participating centers in a phase I/II study (NCT01233440) and a phase II/III study (NCT01496274) of previously treated hemophilia B patients (FIX:C of ≤ 2%) aged ≥ 12 years and additional external laboratories were provided with either lyophilized rIX-FP reference plasma or spiked samples, both of which were spiked in a central laboratory. Lyophilized rIX-FP reference plasma samples were reconstituted and diluted at the participating centers to yield rIX-FP concentrations of 0.9, 0.5 and 0.25 IU mL À1 (locally prepared spiked samples). Centrally prepared samples were spiked at concentrations of 0.625, 0.25 and 0.1 IU mL À1 rIX-FP, and provided to participating centers. This approach provided a broad range of concentrations for testing. Centers were blinded to the rIX-FP concentration of samples. All centers were instructed to assay samples with the instrumentation, reagents and local OSC assay that had been validated in their clinical laboratory for clinical evaluation of patients. A validated OSC assay was performed with Pathromtin SL (Siemens Healthcare Diagnostics, Marburg, Germany) as an activator, and the BCS was used to determine rIX-FP activity in the central laboratory. The measured values were interpreted by use of a reference curve prepared from standard human plasma (Siemens Healthineers) calibrated by the manufacturer against the WHO standard for FIX. FIX:C levels were considered to be comparable if they fell within AE 30% of the spiked concentration.
Analysis of paired clinical samples
In addition to the field study, centers participating in the phase II/III rIX-FP clinical study (NCT01496274) and a phase III clinical study (NCT01662531) on previously treated pediatric hemophilia B patients (FIX ≤ 2%) aged < 12 years collected paired patient samples for analyses in both their local laboratory and the central laboratory. Sites that obtained a subject sample and measured FIX:C, by using an OSC assay with reagents and instruments validated for clinical monitoring and used routinely in their local laboratory, were instructed to send a paired sample to the central laboratory for analysis. Paired samples were considered to be comparable if the measured value in the local laboratory was within 30% of the measured value in the central laboratory. , based on the label potency for each product. Fourteen different APTT reagents that are commercially available and frequently used in clinical laboratories were investigated in this study (for details, see Table S1 ). Clotting time was determined on the BCS XP, with the generic test setting FIX.PSL.d (Pathromtin SL) and with reagent-specific adjusted incubation times, or, if available, the test setting recommended by the reagent manufacturer. More specifically, the settings for each reagent were defined on the basis of the following strategy. The four settings explicitly recommended by Siemens Healthcare Diagnostics for their reagents, which represent a variety of APTT reagents, as they consist of different phospholipids and varying surface-active components, display the identical pipetting scheme but different incubation times. Hence, this pipetting scheme was also applied to the other investigated APTT reagents with modified incubation times as recommended by each respective manufacturer. Moreover, the CaCl 2 concentration was adapted as recommended by the respective manufacturer. Two exceptions from this general strategy with respect to the setting were the APTT reagents Cephen and CK Prest. For Cephen, the manufacturer provides an explicit setting for the BCS XP instrument, which was therefore applied. Measurements conducted with CK Prest must be performed with an instrument that operates on a mechanical rather than an optical measurement principle. Consequently, data for this reagent were collected on a Schnitger/Gross coagulometer according to the recommendation of the reagent manufacturer.
The clotting time was evaluated against an NHP standard (Siemens Healthcare Diagnostics; lot 503252), which consists of a pool of citrated platelet-poor plasma samples collected from at least 20 healthy individuals, and diluted in FIX-DPL. Six independent measurements were conducted for each spike concentration. As FIX activities of spiked samples were evaluated on the basis of a calibration with NHP, results are calculated as percentages of NHP. To facilitate comparisons, the data were divided by the nominal (label) value of the spike concentration to yield percentage recovery. Although there is no clear agreement in the literature as to what constitutes acceptable recovery in the clinical setting, a target range of AE 25% from the optimum has been proposed [10, 14, 15] . However, differences of up to 40% are observed with licensed rFIX products [3] . In the presented analyses, accuracy thresholds of AE 25% and AE35% are thus highlighted (Fig. 4) .
Results

Variability in OSC assays by APTT reagent
When samples of rIX-FP concentrate were analyzed with the WHO International Standard for FIX, with the standard central laboratory assay reagent Pathromtin SL and eight additional APTT reagents, APTT reagent-dependent variability in rIX-FP activity was identified. As compared with the standard central laboratory assay reagent Pathromtin SL, Actin FS and PTT reagent (kaolin) led to an underestimation of the mean rIX-FP activity by up to 50% when a plasma-derived standard was used for calibration ( Fig. 1 ).
Multicenter field study
The rIX-FP activity of locally prepared spiked samples was measured with the OSC assay in five centers in four countries, with four different APTT reagents, i.e. Actin FS, Platelin-LS, aPTT-SP, and Pathromtin SL, and in the central laboratory (Pathromtin SL), to support clinical study activities. FIX:C determination showed overall comparable (within AE 30% of target) results to those of the central laboratory across the range of concentrations measured in centers using aPTT-SP and Pathromtin SL; however, rIX-FP activity was underestimated by ≈ 50% across the range of concentrations measured in those laboratories with Actin FS as the activator as compared with the central laboratory ( Fig. 2A) . Platelin-LS also showed an underestimation of > 30% at spiked concentrations of 0.5 IU mL À1 and 0.25 IU mL À1 .
The rIX-FP activity of centrally prepared spiked samples was measured in eight centers in five countries, with six different commercial APTT reagents, i.e. TriniCLOT aPTT HS, Platelin-L, HemosIL, STA-aPTT, CK Prest (kaolin), and Pathromtin SL, and in the central laboratory (Pathromtin SL). Results were comparable (within AE 30% of target) across laboratories at concentrations of 0.625 IU mL À1 and 0.25 IU mL
À1
, and with the central laboratory. The one exception was the laboratory using a kaolin-based reagent (CK Prest) as the activator, which showed ≈ 50% underestimation of rIX-FP activity as compared with the central laboratory. At the lowest concentration (0.1 IU mL À1 ), variability was greater, with a number of laboratories showing overestimation of ≥ 30%. However, the laboratory using the kaolin-based reagent CK Prest was the only laboratory to show underestimation of ≥ 30% at a spike of 0.1 IU mL À1 (Fig. 2B ).
Paired sample analysis
Twenty-one study centers in 10 countries provided paired samples measured with seven different APTT reagents, including the central laboratory reagent Pathromtin SL.
In line with the central laboratory assessment and field study data, the comparison of local and central laboratory results identified variability (more than AE 30% of the value measured in the central laboratory) in local laboratories using Actin FS as the APTT reagent (Fig. 3) , with the majority of samples showing underestimation. The kaolin-based reagent (NPF Renam) also showed underestimation of rIX-FP in some samples. All other APTT reagents used generated comparable results between the central and local laboratories for the majority of the paired samples. In addition to the APTT reagents used, the different methods and instruments used locally would have contributed to the variability observed.
In ) tested, differences were observed between the APTT reagents used (Fig. 4) . In line with previous findings, Actin FS and CK Prest (kaolin) were confirmed to generate underestimated rIX-FP activity estimates, in this case by > 50%. As stated on the product label, using Actin FS and kaolin-based APTT reagents in an OSC assay will probably result in underestimation of rIX-FP activity [16] ; therefore, these APTT reagents were excluded from all statistical evaluation. The mean percentage recovery was within AE 35% for the remaining 12 APTT reagents tested, and within AE 25% for six APTT reagents tested, with respect to the expected value (Fig. 4) . The spike recoveries ranged from 65.0% with Cephen to 132.8% with SynthAFax. The mean (percentage coefficient of variation [%CV]) percentage spike recovery with rIX-FP for the 12 APTT reagents was 84.1 (23.4%), across the range of spiked concentrations (Fig. 5) . When the same 12 APTT reagents were used in OSC assays with rFIXFc and rFIX, variability in FIX:C activity measurements was comparable with that with rIX-FP, with mean (%CV) percentage spike recovery of 110.9 (27.0%) for rFIXFc and 117.5 (22.0%) for rFIX (Fig. 5) . APTT reagents underestimating and overestimating FIX:C were identified for all three FIX concentrates (Fig. 5) . Depending on the investigated FIX product, specific but different APTT reagents resulted in falsely high or falsely low measured activity. Particularly interesting are the overall results obtained with SynthAFax, which overestimated the activity of rIX-FP (132.8%) while yielding a particularly low recovery of 58.1% for rFIX. This highlights the fact that the choice of a particular APTT reagent might have opposite effects on the accuracy of results obtained for different rFIX concentrates, and thus that a strong and specific reagent-product interaction exists. For rFIXFc, spike recovery ranged from 74.7% with Trini-CLOT aPTT HS to 174.6% with Dapttin TC, and for rFIX it ranged from 58.1% with SynthAFax to 170.2% with STA PTT A. rFIXFc and rFIX tended to show overestimation, whereas rIX-FP showed underestimation, relative to the nominal (label) value.
Even at low plasma concentrations (0.05 IU mL
À1
), when the accuracy of FIX:C measurements is of particular importance, FIX:C was accurately measured for rIX-FP in OSC assays with the majority of APTT reagents (Fig. 6) . The mean FIX:C values were 4.4% NHP for rIX-FP, 6.3% NHP for rFIXFc and 6.4% NHP for rFIX across the 12 suitable reagents. These data demonstrate accurate measurement of rIX-FP at low concentrations, e.g. a recovery of 88% of the expected value. APTT reagents leading to underestimation and overestimation of FIX:C in the OSC assay were also identified for rFIXFc and rFIX, when spiked at a concentration of 0.05 IU mL À1 (Fig. 6 ). These findings were consistent with the findings across all spiked concentrations, with 
Discussion
The objective of the studies presented here was to establish the extent to which different clinical hemostasis laboratories are able to accurately and reliably monitor FIX:C levels in hemophilia B patients treated with rIX-FP by using OSC assays. During the clinical development of rIX-FP, reagent-dependent activity determination was observed in OSC assays when calibration against a plasma-derived standard was performed (data not shown). An assessment of variability with eight different APTT reagents showed that Actin FS and a kaolin-based APTT reagent both underestimated rIX-FP activity by ≈ 50%. To further investigate these findings, a multicenter international field study was undertaken in 13 laboratories in seven countries. With the use of spiked samples at a variety of concentrations, the majority of the nine commercially available APTT reagents tested reliably measured rIX-FP activity in the field study. This finding was further supported by an analysis of paired samples obtained from 21 centers participating in the PROLONG-9FP phase III studies, for which OSC assay results were largely comparable between central and local laboratories. The findings of an in-house bioanalytical investigation into APTT reagent-dependent variability in OSC assays using spiked samples with 14 different APTT reagents were consistent with the findings in clinical samples. The majority of APTT reagents resulted in a recovery that was within 35% of that expected for rIX-FP, with Actin FS and CK Prest (kaolin) falling outside this range. There is some disagreement in the literature as to what constitutes acceptable recovery, with a target of AE 25% having been proposed [14] ; however, differences of up to 40% are observed with licensed rFIX products [3] . Here, we observed a similar pattern of variability at low concentrations (0.05 IU mL
À1
) as across the entire range of concentrations tested (1.0-0.05 IU mL À1 ).
The measured activity of spiked samples of rIX-FP in OSC assays using an NHP standard averaged 84.1% of the nominal activity (%CV of 23.4%) across the range of spiked concentrations and the APTT reagents assessed, not including Actin FS and CK Prest (see the section on in-house bioanalytical investigation above). The underestimation observed when some APTT reagents were used may be attributable to their chemical nature in this artificial assay system. APTT reagents consist of a surfaceactive compound and a mixture of lipids. The type of surface-active compound probably impacts on the rate of FXIa formation in the OSC assay, which, in turn, determines the activation rate of FIX. In case of rIX-FP, the activation requires cleavage of the FIX activation peptide within the FIX molecule, and cleavage of the linker connecting FIX with recombinant albumin [17] . As FIX:C is measured over a short timeframe in OSC assays, small differences in activation may be sufficient to result in a relevant offset if measurement is performed against an unmodified FIX standard, and finally result in an apparently lower assigned potency of rIX-FP. Also, the variability of lipids used in APTT reagents may potentially impact on the catalytic efficiency of the tenase complex. In this study, it has been also shown that the type of diluent used for dilution of the NHP standard, i.e. FIX-DPL, was key to obtaining the most precise measurements over the range of spiked concentrations. It is of note that these effects appear to be purely laboratory phenomena, as clinical studies have demonstrated the efficacy of rIX-FP [13] . An alternative explanation is that the underestimation or overestimation may be attributable to variation in the filling of vials, as nominal values were based on reported IU within commercial vials. For rIX-FP, the FIX:C value obtained with Pathromtin SL, the APTT reagent used in the OSC standard assay of the central laboratory and, most importantly, also used for potency assignment of rIX-FP, was very close to the expected value (99% NHP), ruling out such an explanation. The spectrum of APTT reagents assessed in this study contained a variety of activators, such as ellagic acid, silica, and kaolin, as well as variable phospholipid sources (synthetic, purified soy phosphatides, and rabbit brain cephalin extract). These constituents may also explain, to some extent, the discrepancies observed between assays. Overall, the findings presented in this study reinforce the suggestion that certain APTT reagents utilized in OSC assays lead to discrepancies in the assessments of FIX:C in samples containing FIX-DPL and various rFIX products [5] [6] [7] 18, 19 ]. An assessment of OSC assay FIX:C activity in spiked samples with the same set of APTT reagents for rFIXFc and rFIX showed that the extent of APTT-reagent dependent variability was comparable between FIX concentrates, with each product showing underestimation and overestimation with different APTT reagents. Given the known reagent-dependent variability in OSC assays with rFIX [4, [6] [7] [8] , the discrepancies observed in this study were not unexpected. A field study evaluating OSC assay variability for rFIXFc, with rFIX (BeneFIX) as a comparator, found that ellagic-acid based APTT reagents tend to overestimate rFIXFc activity; however, variability with ellagic acid-based and silica-based reagents was considered to be within acceptable levels (AE 30% of expected). Consistent with the findings reported here, kaolin-based reagents underestimated rFIXFc activity by up to 50% [6] . Therefore, the use of kaolin-based reagents in OSC assays is not optimal for monitoring both rIX-FP and rFIXFc. Sommer et al. also found that rFIX concentrations were consistently overestimated [6] , similarly to the findings reported here.
GlycoPEGylated rFIX (N9-GP) activity in OSC assays has been shown to be dramatically overestimated (fivefold) with most silica-containing APTT reagents, because of an assay artefact facilitated by a combination of silica and the conjugated PEG [5, 7] , indicating that, to avoid underdosing, these reagents should not be used for monitoring N9-GP activity. However, a small number of specific APTT reagents, e.g. SynthAFax, DG Synth, and STA-Cephascreen, which show acceptable recovery, have been identified for monitoring N9-GP [5, 7] , as have suitable reagent instrument systems [20] .
A recent assessment of assay variability with rFIX products reported that, for unmodified rFIX, interlaboratory variability was reduced from > 20% to < 2% when FIX:C was measured against a National Institute for Biological Standards and Control (NIBSC) recombinant reference standard as compared with the plasma-derived International Standard, for common APTT reagents. However, for the extended half-life rFIX products, there was variability between laboratories that was not improved by calibration against the NIBSC rFIX standard [21] . This study highlights the importance of demonstrating the degree of assay variability for a given rFIX product, the complexities involved in laboratory assessment, and the need to provide guidance to clinical laboratories to ensure optimal monitoring of FIX:C activity in their patients. Here, we have shown that rIX-FP activity can be monitored with a wide variety of APTT reagents and with a plasma standard, indicating that there is no clinical need for the development of a product-specific standard. However, it should be noted that not all APTT reagents that are available for use in OSC assays were tested in the studies reported here. Overestimation or underestimation of rIX-FP activity with those APTT reagents not included in the study can therefore not be ruled out. Additionally, lot-to-lot variation in APTT reagents may account for additional variability in FIX:C activity in OSC assays, as such variations (e.g. in the phospholipid component of the APTT reagent) may alter the clotting time measured for a recombinant FIX sample differently from the clotting time measured for the FIX standard, which is derived from plasma and thus shows different biochemical properties. These potential effects have not been investigated in this study. Recent results have suggested that certain patient-specific factors, such as genetic mutations of the FIX molecule, can also influence assay discrepancies [22] . The current study did not account for these aspects, and therefore cannot rule out their contribution to the results reported. A further limitation of this field study is that it did not assess the chromogenic substrate assay for monitoring rIX-FP [2] ; therefore, the findings of this study are restricted to those from OSC assays.
In conclusion, following infusion of rIX-FP, plasma FIX:C can be accurately and reliably monitored by the use of OSC assays with the majority of commercially available APTT reagents, and with current plasma standards. However, the use of a kaolin-based APTT reagent or Actin FS will probably result in an underestimation of the FIX:C levels.
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